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We tested the ability of normal subjects to make changes in the conjugacy of their saccades. Subjects 
dichoptically viewed a grid the size of which was 10% larger in one eye. The grids were centred onto 
a flat screen at 57 cm or 1 m from the subject. Horizontal saccades immediately became larger in the 
eye viewing the larger grid. For some subjects this disconjugacy persisted even under subsequent 
monocular viewing. Such persistent changes occurred mainly in the field where the required disconjugacy 
was divergent for centrifugal saccades, convergent for centripetal saccades. Vertical saccades also 
developed compensatory disconjugacy; its amplitude was smaller but less variable. To explain these 
results we propose a fast associative learning mechanism that pairs peripheral disparity with saccades 
and is capable of producing saccade disconjugacy even in the absence of disparity. For horizontal 
saccades a secondary conditioning of monocular depth cues by the disparity would also be involved. 
Saccades Immediate disconjugacy Associative l arning Disparity vergence 
INTRODUCTION 
When looking at infinity or at an isovergence surface, 
saccades are usually conjugate. For movements less than 
20 deg from the primary position, horizontal saccades of 
the two eyes differ by less than 0.5 deg and vertical 
saccades are almost perfectly oked (Collewijn, Erkelens 
& Steinman, 1988a,b). Unequal saccades of the two eyes 
observed in cases of unilateral ocular muscle weakness are 
reduced, at least partially, by plastic adaptive disconju- 
gate mechanisms. Neural commands are readjusted to 
compensate for the weakness of the affected eye and thus 
reestablish binocular vision (see Viirre, Cadera & Vilis, 
1988; Inchingolo, Optican, Fitzgibbon & Goldberg, 
1991). 
In normal subjects, adaptive inequality of the 
amplitude of saccades in the two eyes can be induced by 
altering the visual input to one eye (e.g. Erkelens, 
Collewijn & Steinman, 1989a; Lemij & Collewijn, 1991a; 
Oohira, Zee & Guyton, 1991; Schor, Gleason &Horner, 
1990; Oohira & Zee, 1992). Several of these studies used 
individuals with anisometropia (different refractive 
power in the two eyes), as a tool to investigate discon- 
jugate adaptations. Spectacle correction of anisometro- 
pia produces amagnification difference in the two images 
called aniseikonia. Erkelens et al. (1989a), Lemij and 
Collewijn, (1991a), Oohira et al. (1991) found that 
patients with long-standing spectacle-corrected aniso- 
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metropia made saccades of unequal amplitude; the 
inequality compensated for the magnification difference 
of the two retinal images. Saccades in such subjects 
remained unequal even when they viewed monocularly 
(in the absence of disparity cues), which indicates a long- 
term adaptive adjustment to the spectacle correction. 
Lemij and Collewijn (1991 b) were able to stimulate simi- 
lar adaptations in emmetropic subjects who wore aniseiko- 
nic spectacles for only a few hours. Most of the induced 
adaptive disconjugacy occurred within the first hour 
which shows that such adaptive mechanisms can be fast. 
Saccades were not recorded during the first hour of 
wearing aniseikonic spectacles and thus the exact time 
when compensatory disconjugacy appeared is not known. 
Immediate loss of the conjugacy of saccades was 
reported by Oohira et al. (1991). These authors found 
disconjugate saccade amplitude adaptation i a child with 
long-standing spectacle-corrected anisometropia. Several 
weeks after the child changed to contact lenses areversion 
to conjugacy occurred. Interestingly, after only 2 min of 
wearing his habitual spectacles, accades became again 
disconjugate: ven under monocular viewing, saccades of 
about 20 deg differed in the two eyes by as much as 
1.25 deg. This was interpreted as a rapid reversion to the 
old state of adaptive disconjugacy to the spectacles. 
Another way of looking at this reversion, however, would 
be a fast associative learning mechanism capable of 
changing saccade conjugacy immediately upon sensing 
the disparity due to the spectacles, and even in the absence 
of this disparity as a direct cue (under monocular viewing 
but with the spectacles on). 
The goal of the present study was to examine how 
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rapidly normal subjects can change the conjugacy of their 
saccades. In a dichoptic viewing situation our subjects 
viewed a grid whose size was uniformally magnified inone 
eye. This paradigm was first developed by van der Steen 
(1992). It allowed us to produce aniseikonia similar to 
that encountered by subjects with spectacle-corrected 
anisometropia even though the refractive power and 
accommodation f the two eyes were the same. To test for 
the existence of a fast learning mechanism we examined 
the disconjugacy of saccades in the absence of disparity 
cues (under monocular viewing or in the darkness). For 
several subjects there were large disconjugate changes in 
the saccade amplitude occurring immediately upon 
exposure to the unequal grids; such disconjugacies 
persisted even under monocular viewing or in the 
darkness. Although the changes were larger for 
horizontal than for vertical saccades, they were also 
variable and subject dependent. A preliminary report on 
a portion of the data has been presented (Eggert & 
Kapoula, 1992). 
METHODS 
Subjects 
Seven subjects (five male, two female), were studied. 
Their ages ranged from 19 to 32 yr. All but two subjects 
(SF and TE) were emmetropes. Subject SF had the 
following spectacle correction, LE: - 1.25 + 0.25 × 0 and 
RE: -1+0.25 × 180. Subject TE's spectacle correction 
was LE: -2 .25-  1.25 × 70 and RE: -3.25. Both 
subjects performed the experiment with their spectacles 
on. For all subjects corrected visual acuity was 20/20 and 
binocular vision was normal (TNO test for stereoscopic 
vision was 60 sec arc or better). This study was approved 
by the French ethics committee CCPPRB No. 15. 
Subjects participated in the experiment after giving 
informed consent. 
Protocol and stimulus 
Subjects sat 57 cm in front of a translucent tangent 
screen. In an attempt to reduce the changes in vergence 
angle due to the tangent screen viewing (looking at the 
periphery requires divergence relative to looking at 
the centre), two of the subjects (BM and SF), viewed the 
screen from 1 m (this was the maximal viewing distance 
possible in our arrangement). Two projectors were used 
to project a grid one to each eye with letters at the 
intersections of lines. The beams of the projectors were 
orthogonally polarized; the grids were rear-projected 
onto the translucent, non-depolarizing screen. Subjects 
viewed through similar polarizers (mounted on a frame 
attached to the forehead support). The room was 
completely dark and no other boundaries or stationary 
frames were visible to the subjects. Both grids were 
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F IGURE 1. (A) In a dichoptic viewing a grid was presented to each eye; set-up the two grids were centred on the screen. In 
most experiments he right eye saw the larger grid. (B) Required isconjugacy for horizontal saccades. Normal viewing: required 
saccade disconjugacy for fixating targets presented on a flat screen in the frontal plane at 57 cm (solid line) or at 1 m viewing 
distance (dashed line). Unequal grids: disconjugacy required for fixating the two unequal grids presented at such screen. (C) 
Typical binocular ecording of a saccade. The right eye (dashed line) saw the larger grid, the left eye (solid line) saw the smaller 
grid. The distance indicated by P is the pulsatile component of the saccade; the distance indicated by S is the step component. 
Arrows indicate the end of the saccade and the first 160 msec post-saccadic period. The lower trace is the disconjugacy of the 
saccade (left - right eye difference). 
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centred on the screen as shown in Fig. 1 (A). They were 
identical except that one was magnified by 10%. At 57 cm 
viewing distance, one grid subtended 51 deg and the other 
55 deg. At 1 m viewing distance angular sizes of the grids 
were 30 and 33 deg. All but two subjects (BC and TE) 
viewed the larger pattern with the right eye. 
Subjects were asked to saccade back and forth between 
the centre and different intersections of the grid lines. A 
typical sequence was: from centre to the first line 
intersection atleft, then to the next intersection and then 
back to the centre [Fig. I(A), intersections labelled by the 
letters M---,N~L~M]. Similar saccade sequences were 
performed for the right, up and down line intersections of 
the grid corresponding to secondary positions of the eyes 
(attained by pure horizontal and pure vertical rotations). 
For the majority of the experiments (using 57 cm viewing 
distance), all centrifugal saccades had amplitudes of 
about 14 deg, all centripetal saccades were about 28 deg. 
Because of the grid size inequality, the distance between 
any two line intersections was larger in one eye than the 
other. Thus, the eye viewing the larger grid must make 
systematically larger saccades if diplopia is to be avoided. 
Figure [1 (B), "Normal Viewing"] shows the disconj ugacy 
required by the tangent screen viewing; this disconjugacy 
is smaller for 1 m viewing distance (dashed line) than for 
57 cm (solid line) but still different from the zero line 
corresponding to infinity. The required isconjugacy for 
fixations at the unequally sized grids is also shown for 
each of the two viewing distances used [Fig. I(B), 
"Unequal Grids"]. 
When the right eye viewed the larger grid, the required 
disconjugacy was divergent for rightward fixations, and 
convergent for leftward fixations. Its amplitude, however, 
was greater for fixation in the right field than for fixation 
in the left field. This is because a second source of 
disconjugacy (tangent screen viewing) added to the grid 
size inequality in the right field and subtracted in the left 
field. Thus, for subjects viewing the larger grid with the 
right eye, the required isconjugacy was 10% for saccades 
ending in the right field and 7% for saccades ending in the 
left field. The opposite was true for the two subjects that 
viewed the larger grid with the left eye. We use the term 
conflict field to denote the field for which the grid size 
inequality required adisconjugacy opposite to that of the 
tangent screen viewing, i.e. divergent disconjugacy for 
centripetal saccades and convergent disconjugacy for 
centrifugal saccades. Non-conflict isthe term used for the 
field for which the two requirements were in the same 
direction (divergent for centrifugal saccades convergent 
for centripetal saccades). In the vertical direction, the 
required disconjugacy was 10% for all positions and 
directions of the saccades. 
The first two subjects of this study (YS and SB) viewed 
the unequal grids for only 10 and 13 min respectively. The 
other five subjects were exposed to this stimulus for 
a training period of 25 min. They were asked to change 
the direction of saccades (horizontal or vertical) every 
6 min. 
Eye movements were recorded binocularly through- 
out the experiment. The sequence of testing conditions 
was as follows. First, the baseline conjugacy of the 
saccades was measured in a neutral condition (in the 
absence of disparity cues). Then the subjects were 
trained with the unequal grids. After the 10-25 min 
period of training, the neutral condition was repeated to 
test for changes in the binocular coordination of 
saccades. In the neutral condition (before and after 
training) five subjects viewed monocularly the smaller 
grid and were asked to produce the same sequence of 
saccades as during training. The change from binocular 
to monocular viewing condition was made by switching 
off one of the projectors. This technique was used to 
avoid possible head movements hat could occur while 
putting on an eye cover. For the two other subjects (SB 
and YS) both projectors were switched off and in 
complete darkness, they were asked to imagine the grid 
and make the same sequence of saccades between the 
remembered line intersections. 
Eye movement recording 
The head was stabilized by a bite bar (with individually 
fitted dental impression of the subjects's upper teeth), and 
a forehead support. Stimulus presentation and data 
collection were directed by a software developed inUNIX 
for real-time xperiments (REX) and run on a PC (HP 
RS/20). Vertical and horizontal movements ofboth eyes 
were recorded simultaneously with the search coil-mag- 
netic field method (Robinson, 1963; Collew~jn, Van der 
Mark & Jansen, 1975); eye coils were inserted by an 
ophthalmologist. At the beginning of each experiment, 
each eye was calibrated individually as subjects viewed a 
pair ofnonius lines that stepped vertically or horizontally. 
The distance between the two parallel nonius lines was 
5 min arc; subjects were instructed to fixate as accurately 
as possible between the two lines and, when they felt they 
had succeeded, to push a button. The eye position signals 
were filtered with a bandwidth of 0-200 Hz and digitized 
with a 12-bit analogue-to-digital converter sampling each 
of the four channels 500 times per sec. These data were 
stored on digital tape for off-line analysis. Overall system 
sensitivity was 0.05 deg. All saccades before, during and 
after training were recorded and analysed. 
Analysis of data 
A polynomial function with five parameters was used 
to fit the calibration data. Measured eye-position data 
were thus corrected for the intrinsic sine non-linearity of 
the coil system and for the tangent screen effect. For 
subjects TE and SF, target position was corrected for the 
small difference between the spectacle correction of the 
two eyes. Off-line computer algorithms based on standard 
velocity and acceleration criteria were used to determine 
the times of saccade onset and offset. Saccade onset was 
determined atthe point where ye velocity reached 5% of 
the peak velocity; saccade offset was taken as the time 
when eye velocity dropped below 10 deg/sec. The 
correctness of these marks was verified by a human 
operator. Post-saccadic eye drift (slow motion of the eyes 
after the end of the saccade) was determined for a period 
of 160 msec after saccade offset. This value was chosen to 
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be near to that required to reach the steady-state position 
in lesioned animals that show ocular drift (Optican & 
Robinson, 1980). For recordings where corrective 
(binocular or, in some cases, monocular) movements 
occurred before 160 msec, drift was estimated for the 
period between the end of the primary saccade and the 
onset of such movements. 
For each individual saccade we measured, in deg, the 
disconjugacy (left - right eye difference) of the amplitude 
of the saccade and the disconjugacy of the post-saccadic 
drift [see Fig. I(C)]. We use the term intrasaccadic 
disconjugacy todenote the disconjugacy ofthe amplitude 
of the saccade. For horizontal saccades, positive values 
indicate convergent disconjugacy, negative values 
divergent disconjugacy. For vertical saccades, negative 
values indicate right eye hyperdeviating disconjugacy. 
That is, if the eyes start from the primary position, for 
upward saccades the right eye is more elevated than the 
left eye; for downward saccades the right eye is less 
depressed. Thus, for subjects viewing the larger grid with 
the right eye, changes in the appropriate direction should 
be negative for upward saccades, and positive for 
downward saccades. The opposite is true for subjects 
viewing the larger grid with the left eye. Statistical 
analyses were performed using the Student's t-test. 
RESULTS 
Qualitative observations 
Perceptual effects. The distribution of horizontal 
disparities contained by the stimulus hown in Fig. I(A) 
is identical to that of a plane tilted around a vertical axis 
by 42 deg. Nevertheless, ubjects did not perceive such 
tilt. Monocular depth cues and, most important, the 
vertical disparities of the grids could have suppressed the 
tilt perception that could have resulted from the 
horizontal disparities alone. 
Changes in saccade disconjugacy. Figure 2(A-C) shows 
typical binocular ecordings of horizontal saccades from 
subject BM. Before training, the leftward saccades were 
larger in the left, abducting eye [Fig. 2(A)]. During 
training, horizontal saccades were larger in the right eye 
viewing the magnified grid [Fig. 2(B)]. After training, 
while viewing the smaller grid with the left eye only, 
saccades continued to be larger in the fight eye [Fig. 2(C)]. 
Figure 2(D-F) shows vertical saccades from subject 
BC. Before training, vertical saccades were almost 
perfectly oked [Fig. 2(D)]. While viewing the unequal 
grids (the left eye grid was magnified by 10%), vertical 
saccades of the left eye were larger [Fig. 2(E)]. An even 
larger inequality persisted under subsequent monocular 
viewing [Fig. 2(F)]. 
Intrasaccadic vs post-saccadic disconjugacy. Figure 3 
shows several traces of horizontal intrasaccadic and 
post-saccadic disconjugacy from subject BM. The onset 
of all saecades i arbitrarily at 50 msec, their offset is 
approximately at 100msec. Before training, both 
centrifugal s well as centripetal saccades [Fig. 3(A,D)], 
showed a small, partially transient intrasaccadic 
divergent disconjugacy. This is related to the abduction- 
adduction asymmetry (e.g. Collewijn et al., 1988a; Zee, 
Fitzgibbon & Optican, 1992). Post-saccadic drift 
disconjugacy was small and usually convergent. During 
training, centrifugal saccades showed increased intrasac- 
cadic divergent disconjugacy [Fig. 3(B)]; centripetal 
saccades showed convergent intrasaccadic disconjugacy 
[Fig. 3(E)]. Post-saccadic slow movements were divergent 
after centrifugal saccades, and convergent after cen- 
tripetal saccades, i.e. in continuation with the rapid 
intrasaccadic changes. The amplitude of these move- 
ments, however, even 500 msec after the end of the 
saccade, was smaller than that achieved within the 
50 msec of the saccade duration. For saccades after 
training, the intrasaccadic disconjugacy, although more 
variable, remained divergent for centrifugal saccades, and 
convergent for centripetal saccades [Fig. 3(C, F)]. 
Post-saccadic motion was either absent or opposite to the 
intrasaccadic disconjugacy. Thus, the most prominent 
change stimulated by our paradigm was the intrasaccadic 
disconjugacy. Quantitative results presented below 
emphasize generally the intrasaccadic disconjugacy; the 
small changes in the early post-saccadic period (160 msec 
or less) will be also presented as they were consistent over 
the population. 
Field asymmetry and time-course of the disconjugacy. 
The induced horizontal intrasaccadic disconjugacy was 
not homogeneous for fixations across the grid. There was 
an asymmetry between the saccades in the conflict and 
non-conflict field. 
Figure 4(A, B) shows the time-course of the 
intrasaccadic disconjugacy for horizontal saccades in 
each field. Data are from subject BC who showed among 
the strongest field asymmetry. This subject viewed the 
larger grid with his left eye. The non-conflict field in this 
case was the left field, where centrifugal saccades required 
divergent disconjugacy and centripetal saccades required 
convergent disconjugacy. Such changes occurred for both 
saccade directions [Fig. 4(A)]: for centrifugal saccades the 
baseline divergent disconjugacy increased, for centripetal 
saccades the disconjugacy became more convergent. 
These changes were immediate and there was no 
continuous increase of the amplitude of the disconjugacy: 
centrifugal saccades recorded in the first seconds of 
training and those recorded inthe last 3 min (20 min later) 
had similar disconjugacies. The induced disconjugacy, 
however, persisted even under subsequent monocular 
viewing. 
In contrast, saccades in the right, conflict field 
[Fig. 4(B)], did not show persistent stimulus driven 
changes. Disconjugacy in the appropriate direction 
(convergent for centrifugal saccades, divergent for 
centripetal saccades) occurred only for the recordings 
made in the last 3 min of training and did not persist 
under subsequent monocular viewing. This field 
asymmetry was frequent among the subjects. Conse- 
quently, the quantitative r sults for horizontal saccades 
are separated into four groups (i.e. centripetal and 
centrifugal saccades inthe conflict and non-conflict field). 
Figure 4(C) shows the time course of disconjugacy for 
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vertical saccades from the same subject. The grid size 
inequality called for left eye hyperdeviation during 
upward saccades, left eye hypodeviation during down- 
ward saccades. A reliable change in the appropriate 
direction occurred for upward saccades only. This change 
was rather progressive but still fast, occurring within the 
first minute of training. Note, however, that these vertical 
saccades were recorded after the subject had made 
horizontal saccades for about 6 min. During this period, 
the subject was simultaneously exposed to peripheral 
vertical disparities and this may have contributed toa fast 
acquisition of vertical disconjugacy. Upward saccades 
under subsequent monocular viewing [Fig. 4(C)], showed 
left eye hyperdeviation, as required by the grid size 
inequality. 
Quantitative Data 
Horizontal saccades 
Changes from baseline. Table 1 shows the individual 
average changes in the disconjugacy ofhorizontal saccades 
(as compared to baseline values). During training, saccade 
disconjugacy changed predominantly in the direction 
required by the unequal grids in 24 of the 28 individual 
cases; 15 of these changes reached statistical significance 
(indicated by an asterisk). In the neutral condition, 
statistically significant changes in the direction of the grids 
also occurred for 15 cases. The amplitude and consistency 
of the changes between the training and the neutral con- 
dition depended on the field as will be described below. 
Table I(A) contains the changes for saccades coupled 
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F IGURE 4. Saccade amplitude disconjugacy as a function of time from subject BC. Each symbol indicates the disconjugacy of 
an individual saccade. (A) Centrifugal and centripetal saccades in the left, non-conflict field. (B) Centrifugal and centripetal 
saccades in the right, conflict field (conflict between the disconjugacy required by the tangent screen viewing and by the unequal 
grids). Immediate but persistent disconjugacy in the appropriate direction occurs only for saccades in the non-conflict field. During 
training (A, B) disconjugacy for centrifugal saccades from the centre to the first lateral ine intersection of the grid (+) ,  and for 
saccades from the first to the second lateral intersection ( I )  are different even though these saccades have the same amplitude 
and the same direction. (C) For upward saccades, training causes a rather progressive reduction of the baseline left eye 
hypodeviation. This reduces the left eye hyperdisparity due to the larger size of the grid seen by the left eye. After training, upward 
saccades under monocular viewing show left eye hyperdeviation. Downward saccades how no significant change. 
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with divergent disparity: centrifugal saccades in the 
non-conflict field, centripetal saccades inthe conflict field. 
In the non-conflict field, centrifugal saccades howed a 
divergent change for all seven subjects; five of these 
changes were statistically significant. In the neutral 
condition, statistically significant divergent changes 
occurred for five subjects. In the conflict field where 
divergent disparity was coupled with centripetal saccades, 
divergent changes occurred less frequently (six cases when 
viewing the unequal grids, four cases in the neutral 
condition). 
Table 1 (B) shows the changes for saccades associated 
with convergent disparity. In the non-conflict field, large 
convergent changes occurred for three subjects (YS, BM 
and BC); the changes persisted even in the neutral 
condition. Subject YS who was trained for 10 min only 
showed the largest convergent changes and this was for 
centripetal saccades in the non-conflict field (3.54 and 
3.20 deg). In the conflict field, convergent changes also 
occurred for three subjects (BM, SF and TE); the 
amplitudes were, in general, smaller than for saccades in 
the non-conflict field. Subjects SG and BC showed the 
most striking field asymmetry: a strong and persistent 
change in the stimulus direction in one field, but a negative 
change in the opposite direction in the other field. 
The changes between the training and the neutral 
condition were more consistent for saccades in the 
non-conflict field. We estimated the r Bravais Pearson 
coefficient of correlation between the changes in the two 
conditions: changes in the direction required by the grid 
size inequality were taken as positive regardless of the 
direction of the saccade (centrifugal or centripetal); 
changes in the opposite direction were assigned a negative 
sign. For the non-conflict field this correlation was 
significant and high: r = 0.78. In the conflict field the 
coefficient of correlation was also significant but weaker 
(r = 0.61). Here, in three instances ignificant changes 
were seen in the neutral condition even though the 
corresponding changes in the training condition were not 
statistically significant. 
TABLE 1. Disconjugacy (in deg) of the amplitude of horizontal saccades; changes from baseline. 
(A) Divergent disparity (negative), (B) convergent disparity (positive) 
Centripetal saccades Centrifugal saccades 
(A) Subject Neutral Training Neutral Training 
Right eye saw larger grid 
SG -2 .17"  - 1.57" 0.33t -0 .30*  
SB - 1.00" - 0.34 0.42 - 0.23 
YS 0.87 - 1.32" - 1.48" -0 .35  
BM 0.06 - 0.76* - 0.46* - 0.50' 
SF - 0.93" - 0.66 - 0.48* - 0.56* 
Left eye saw larger grid 
TE - 1.90" - 1.87" -0 .78*  -0 .96*  
BC 1.19t 0.14 - 1.57" -0 .75*  
Mean -0 .55  -0 .91"  -0 .57  -0 .52*  
Mean TD - 0.67 - 1.14" - 0.58* - 0.70* 
Centrifugal saccades Centripetal saccades 
(B) Subject Neutral Training Neutral Training 
Right eye saw larger grid 
SG 0.83* 0.33 -2 .04  t 0.03 
SB -0 .18  -0 .35  -0 .76  -0 .04  
YS - 0.49 0.85 3.20* 3.54* 
BM 0.05 0.30* 0.99* 1.46" 
SF 0.37* 0.41" 0.18 0.26 
Left eye saw larger grid 
TE 0.13" 0.45* -0 .30  0.84 
BC - 1.55I" -0 .16t  1.10" 0.80* 
Mean - 0.12 0.26 0.34 0.99 
Mean TD -0 .11 0.50* 0.48 1.21" 
Individual average changes (in deg) from baseline of the intrasaccadic disconjugacy of horizontal saccades. 
Negative values indicate a divergent change, positive values a convergent change. Neutral: changes for 
saccades in the neutral condition (monocular viewing for five subjects, darkness for subjects YS and SB) 
recorded before and after training. The typical value of the number of saccades for individual pre- and 
post-training means was 20. Training: changes from baseline for saccades in the presence of the unequal 
grids; the typic~il number of saccades was 78. Centrifugal saccades in (A) and centripetal saccades in (B) 
are made in the non-conflict field. Mean: mean of individual means. Mean TD: group mean of total 
saccade disconjugacy combining the saccade amplitude disconjugacy and the post-saccadic drift 
disconjugacy. *Statistically significant at the level P < 0.05 (Student's t-test, comparing baseline means 
in the neutral condition and those during training or during the post-training neutral condition). 
tSignificant change but in the direction opposite to that required by the unequal grids. 
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TABLE 2. Disconjugacy (in deg) of the amplitude of vertical saccades; changes from baseline 
Upward saccades Downward saccades 
Subject Neutral Training Neutral Training 
Right eye grid larger 
Right eye hyper ( - )  Right eye hypo (+) 
SG 0.01 -0.26* 0.06 0.22* 
SB - 0.69* - 0.48* 0.36 0.29 
YS - 0.69* - 0.98* 0.47* 0.61" 
BM -0.11 0.00 -0.09 -0.11 
SF 0.00 - 0.11 0.09 0.16 
Left eye grid larger 
Left eye hyper (+) Left eye hypo ( - )  
TE 0.06 0.24* 0.02 - 0.12 
BC 0.46* 0.28" - 0.60* - 0.24* 
Amplitude 
Mean 0.28 0.33* 0.21 0.22* 
Mean TD 0.34* 0.41" 0.26* 0.27* 
Values are individual average changes from baseline of the intrasaccadic disconjugacy of vertical 
saccades. The first five subjects viewed the larger grid with the right eye; changes in the good 
direction are indicated by negative values for upward saccades, positive values for downward 
saccades. For the other two subjects, changes in the good direction are positive for upward 
saccades, negative for downward saccades. The typical value of the number of saccades was 40 
and 27 for the neutral condition recorded before and after training respectively; during training 
this value was 115. Amplitude means take the individual means after multiplying by - 1, those 
for upward saccades from subjects SG, SB, YS, BM, SF and those for downward saccades from 
subjects TE and BC, to provide an overall measure of the changes independent of which eye 
viewed the larger grid. Other notations as in Table 1. 
Compensation f disparity. How well did the change in 
intrasaccadic disconjugacy ompensated for the disparity 
of the unequal grids? In the non-conflict field, 90% of the 
saccades during training showed a disconjugacy in the 
correct direction (range of individual values: 68-99%). 
Significant changes during training were 18-164% of the 
change required by the unequal grids; in the neutral 
condition significant changes in the same direction varied 
from 47% to 148%. In the conflict field only 46% of the 
saccades howed compensatory disconjugacy (range of 
individual values: 10-75%). Significant compensatory 
changes were 44-186% of the requirement; in the neutral 
condition changes in the same direction were even more 
variable (21-258 %). Thus, compensation f the disparity 
by the induced disconjugacy was relatively inaccurate. 
Since no subject reported diplopia, sensory fusional 
mechanisms must have compensated for the residual 
horizontal disparity. 
In the non-conflict field, the required isconjugacy was 
proportional to the amplitude of the saccades [i.e. it was 
larger for centripetal than for centrifugal saccades, see 
Fig. 1 (B)]. We examined the coefficient of correlation (r 
Bravais Pearson between the amplitude of the saccade 
averaged over the two eyes and the amplitude of the 
intrasaccadic disconjugacy) for saccades in the non- 
conflict field. There was no consistent tendency over the 
subject population for a positive correlation: the coefficient 
of correlation was positive for subjects TE and BC but 
negative for subjects BM and SF. 
Contribution of post-saecadic rift. The post-saccadic 
drift in the baseline condition was usually convergent 
regardless of the direction or initial and final position of the 
saccades. The group mean drift amplitude of all saccades 
taken together was 0.21 _+ 0.31 deg (SD of the individual 
VR 35:23-24~L 
means). Exposure to unequal grids caused small but 
consistent changes in the drift disconjugacy: in the training 
condition, 24 of the 28 individual changes were in the 
appropriate direction and statistically significant 
(P < 0.05). The actual post-saccadic drift became 
divergent for centrifugal saccades inthe non-conflict field. 
It remained convergent in all other cases. Increased, 
convergent post-saccadic drift was particularly useful after 
centrifugal saccades in the conflict field, reducing the 
convergent disparity. The group mean changes were 0.23 
and 0.24 deg for centripetal nd centrifugal saccades inthe 
conflict field, and 0.18 and 0.22 deg for centrifugal and 
centripetal saccades inthe non-conflict field. The first three 
of these group changes were statistically significant. In the 
training condition, the group mean change of the total 
disconjugacy (Table 1, Mean TD, combining intrasaccadic 
and post-saccadic drift disconjugacy) were statistically 
significant for all groups of saccades. 
Changes in post-saccadic drift also occurred for saccades 
in the neutral condition. They were in the diregtion of the 
previously seen unequal grids and reached statistical 
significance in 19 out of 28 individual cases. The mean 
amplitude of the significant changes was 0.21 + 0.16 deg 
(1 SD). The consistency of the drift changes between the 
training and the neutral condition was better for the con- 
flict (r = 0.72) than for the non-conflict field (r = 0.43). 
In summary, brief exposure to aniseikonic stimuli 
produced consistent compensatory changes in the total 
disconjugacy of the saccades. The changes in the 
intrasaccadic disconjugacy were larger than changes in 
post-saccadic drift but more variable across the subjects. 
For saccades inthe non-conflict field, significant changes in 
the intrasaccadic disconjugacy almost always persisted in 
the neutral condition. 
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Vertical saccades 
Changes from baseline. Table 2 shows the individual 
mean changes of the disconjugacy of upward and 
downward saccades. Training caused statistically signifi- 
cant changes for upward saccades in five of the seven 
subjects. For three subjects ignificant changes occurred 
even for saccades in the neutral condition. For downward 
saccades statistically significant appropriate changes 
occurred in three subjects; two of these persisted in the 
neutral condition. It should be noted that the largest 
changes for both upward as well as downward saccades 
were made again by subject YS who was trained for 10 min 
only and tested in complete darkness. Subjects BM and SF 
who performed the experiment seated at 1 m from the 
screen (instead of the 57 cm used for all other subjects), 
failed entirely to make significant vertical disconjugate 
changes. 
The changes for saccades in the neutral condition were 
well correlated with the changes for training saccades 
(r = 0.76). In the training condition, the group mean 
disconjugacy of saccade amplitude was statistically 
significant (P < 0.05) for both upward as well as 
downward saccades. For the neutral condition, the group 
changes tended towards tatistical significance (P < 0.054 
and P < 0.08 level, for upward and downward saccades 
respectively). 
Compensation of disparity. In contrast o horizontal 
results, changes in vertical disconjugacies in the 
appropriate direction occurred for saccades to all parts of 
the grid. The induced change in saccade disconjugacy, 
however, was only a small percentage of the change 
required by the unequal grids. During training significant 
changes varied from 14% to 80% of the requirement; after 
training the range was 32-63%. Similarly to horizontal 
saccades, there was no clear evidence for vertical saccades 
of a positive correlation between the amplitude of the 
saccades and the magnitude of vertical disconjugacy. 
Contribution of post-saccadic drift. Very small but 
statistically significant changes occurred in the discon- 
jugacy of post-saccadic drift. For downward saccades all 
subjects howed such changes for both the training as well 
as the neutral condition. Individual mean drift changes 
ranged from 0.01 to 0.16 deg for training saccades, and 
from 0.02 to 0.10 deg for saccades inthe neutral condition. 
For upward saccades tatistically significant changes in 
drift occurred for all subjects except YS (training and 
neutral) and SF (neutral condition). Individual mean 
changes ranged from 0.04 to 0.17 deg in the training 
condition, and from 0.07 to 0.20 deg in the neutral 
condition. The changes in drift in the training condition 
(upward and downward saccades together) were well 
correlated with those in the neutral condition (r = 0.71). 
The group means of total disconjugacy were statistically 
significant for both the training as well as the neutral 
condition. 
In summary, brief exposure to unequal grids induced, 
for five of the seven subjects, small changes in the yoking 
of either upward and/or downward saccades that 
persisted even in the neutral condition. Small but 
statistically significant changes in vertical post-saccadic 
drift in the stimulus direction occurred almost always in 
the training as well as in the neutral conditions. In 
general, the changes for vertical saccades were smaller 
than those described for horizontal saccades but they 
were less variable across subjects and more consistent 
across conditions. 
DISCUSSION 
Immediate disconjugate changes 
The present study was designed to test how rapidly 
normal subjects can alter the conjugacy of their saccades. 
The majority of our subjects were able to alter the 
disconjugacy ofthe saccades immediately. For horizontal 
saccades inthe non-conflict field and for vertical saccades, 
most of these changes persisted even in the neutral 
condition. Persistent changes in post-saccadic drift 
occurred for both horizontal as well as vertical saccades; 
they were smaller in amplitude than changes in saccade 
amplitude disconjugacy but more reproducible across the 
population. 
Variability of disconjugate changes 
It seems unlikely that the measured changes in saccade 
disconjugacy and in post-saccadic drift are technical 
artifacts due to coil slippage or to head instability. 
Collewijn et al. (1975) and De Bie (1985) have shown that, 
when properly inserted, displacement of the coils by 
saccadic movements i  negligible. Head stability was 
ensured throughout the experiment by use of the bite bar 
and avoiding the use of eye patches. Furthermore during 
training changes, horizontal as well as vertical, were 
predominantly (86% of the cases), in the direction 
required by the unequal grids. The smaller intersubject 
variability of the changes in disconjugacies for vertical as 
opposed to horizontal saccades, the reproducibility over 
the population of the changes in post-saccadic drift, the 
consistence of the effects between conditions for 
horizontal saccades in the non-conflict field and for 
vertical saccades argue against echnical artifacts: head 
motion and/or eye coil slippage artifacts should cause 
similar intersubject variability for horizontal and 
vertical saccades, for intrasaccadic and post-saccadic 
disconjugacy. Rather, the variability is due to intrinsic 
differences inthe mechanisms producing these disconjuga- 
cies in the horizontal and vertical directions in relation 
to the driving sensory cues and to genuine 
individual differences. The role of monocular depth cues 
in horizontal saccade disconjugacy will be discussed 
below. 
Viewing distance 
Immediate changes in saccade disconjugacy were first 
reported for fixations between targets that differ both in 
direction and in distance (e.g. Enright, 1986, 1992; 
Erkelens, Steinman & Collewijn, 1989b). Changes in 
accommodation are certainly involved as one alters 
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fixation from distant to more proximal targets or vice 
versa. By contrast, in our experimental protocol the grids 
were projected onto a flat frontal screen and no changes in 
accommodation were required. Thus, our findings show 
for the first time in normal humans, that the disparity of 
aniseikonic stimuli is sufficient to induce saccade 
disconjugacy immediately. These findings are in agree- 
ment with those reported by van der Steen and Bruno 
(1995): immediate, almost fully compensating saccade 
disconjugacy was stimulated by aniseikonic stimuli. Such 
disconjugacy, however, was observed only for exper- 
iments where the subjects were seated close to the screen 
(at 33 cm), and did not persist in the neutral condition. By 
contrast, in experiments using far viewing (144 cm), the 
same authors reported a slower development of 
compensatory saccade disconjugacy (7 to 12 min) and 
persistence of this disconjugacy in the neutral condition. 
Thus, van der Steen and Bruno suggested that 
oculomotor adaptation occurs at far viewing only. In the 
experiments presented here we used intermediate viewing 
distances (57 or 100 cm); the effects were immediate but 
persisted, at least for several subjects. The difference 
between our results and those obtained by van der Steen 
and Bruno for close viewing, might be due the different 
viewing distances used. 
Mechanisms 
The persistence of the induced disconjugacy in the 
absence of disparity cues raises the question whether an 
adaptive modification occurred in the binocular 
coordination of saccades. Such modification could be 
obtained by rescaling differentially for each eye 
the saccadic pulse-step signals on the basis of the 
post-saccadic disparity experienced. Because of the 
remarkable speed of these changes, however, Eggert, 
Kapoula and Bucci (1994), suggested another adaptive 
mechanism able to produce a saccade-initiated pre- 
programmed vergence command. Such mechanism 
would also use post-saccadic fixational disparity as an 
error signal to readjust he conjugacy of the saccades. 
Several aspects of the results, however, argue against he 
idea of an adaptive mechanism based on progressive 
reduction of the post-saccadic f xation error as implied by 
both these hypotheses: (i) horizontal disconjugacy 
appeared immediately and, in most cases, its amplitude 
did not consistently increase, at least during the 25 min of 
training; (ii) disconjugacy was asymmetric for the two 
hemifields; (iii) disconjugacy, horizontal or vertical was 
not correlated with the amplitude of the saccade; (iv) for 
both horizontal as well as vertical saccades, the change in 
disconjugacy in the neutral condition could be even larger 
than the change in the training condition. Thus, the 
immediate disconjugacy of saccades does not present 
typical properties of an adaptive mechanism. Rather, the 
above aspects of the results argue in favour of a fast 
associative l arning mechanism that links to the saccade 
a disconjugate component. Such component could be 
produced immediately by the saccadic system itself. 
Alternatively, as we propose below, it could be produced 
by a fast saccadic-vergence command. 
Disconjugacy in the presence of the unequal grids 
It is known that vergence eye movements are 
accelerated when they occur during the saccade (e.g. Zee 
et al., 1992; Mays & Gamlin, 1992). A mechanism exists 
for producing rapid vergence changes during a saccade, 
e.g. when looking at targets that differ both in direction 
and in distance (see Enright, 1986, 1992; Erkelens et al., 
1989b). The immediate mostly intrasaccadic disconjugacy 
we induced could be produced by a fast saccadic-vergence 
command responding to the disparity detected in the 
periphery before each saccade. 
Monocular depth cues such as linear perspective 
could modulate the visually-driven disparity intrasac- 
cadic response as follows. The squared structure of the 
grid gave a strong monocular depth cue indicating a 
frontal plane. Movements in a frontal plane require 
relative divergence with centrifugal saccades. This 
monocular cue could not, however, determine the 
amount of the required isconjugacy (linear perspective 
alone does not provide information about the absolute 
distance of the object). In the non-conflict field, the 
tangent screen viewing required the same type of 
disconjugacy as the actual disparity. But, because of the 
grid size inequality, the required ivergent disconjugacy 
was larger than that expected by the tangent screen 
viewing. Thus, during training, the monocular depth 
cue related to linear perspective was associated with 
disparity and large intrasaccadic disconjugacy that 
corresponded to a frontal plane closer to the subject 
than the real stimulus. Because of this association, the 
linear perspective cue would encourage larger divergent 
disconjugacy for all centrifugal saccades. This would 
interfere, however, with the convergent disconjugacy 
required for centrifugal saccades ending in the conflict 
field. 
To test the plausibility of this interpretation a control 
experiment was conducted on subject BC several months 
after the first experiment. It should be noted that this 
subject showed among the strongest field asymmetry. The 
experimental procedure was identical to the one described 
in the Methods (viewing distance was 57 cm and the left 
eye grid was magnified by 10%). The only difference was 
that we now projected an image of the grid that was tilted 
by 42 deg as shown in Fig. 5(top right). Thus, the 
convergent disconjugacy required for fixations from 
centre to the right (due to the larger size of the left eye grid) 
was now consistent with the linear perspective monocular 
depth cue that signalled a closer viewing distance at the 
right side. The disparity and the linear perspective cue 
were in agreement but the tangent screen viewing 
requirement was still in conflict. 
Similarly to the prior main experiment, saccades 
developed significant disconjugacy. The bar graph in 
Fig. 5 shows the average percentage of compensation 
separately for saccades in the previously called conflict 
and non-conflict field. Tilting of the grid produced large, 
even overcompensating disconjugacy for saccades in the 
right field where the disparity and the linear perspective 
monocular depth cue were now consistent. 
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This experiment, even though in one subject only, 
shows that the mechanism that produces intrasaccadic 
compensatory disconjugacy is sensitive to monocular 
depth cues such as linear perspective. It suggests that the 
effect of such monocular depth cues on the disconjugacy 
of the saccades i  conditioned by binocular disparity cues. 
Conditioning or associative fast learning (see Grossberg, 
1992), is likely to occur since the linear perspective alone 
cannot be used to determine saccade amplitude 
disconjugacy. 
Persistence of disconjugacy under monocular viewing 
The persistence of the induced disconjugacy under 
monocular viewing could be explained in the context of 
the associative l arning hypothesis as follows: consistent 
pairing of saccades with peripheral disparity would lead 
to a link between each saccade and a preprogrammed fast 
vergence command. Thus, after a few training trials, the 
saccade itself would elicit the fast vergence command in 
the absence of disparity. A secondary conditioning would 
pair disparity and intrasaccadic disconjugacy with 
monocular depth cues. The strength of such pairing could 
be variable among the subjects. In this context, minimal 
post-saccadic f xational disparity would serve as driver or 
reinforcer of the learning mechanism. 
In contrast to parametric saccade adaptation, 
associative learning could occur without an iterative 
reduction of an error function and could therefore be very 
fast. The double conditioning proposed would explain the 
persistence ofthe disconjugacy under monocular viewing 
but also in the darkness. Thus, the immediate appearance 
of saccade disconjugacy and its persistence are not 
contradictory. Associative learning could explain both 
findings. Our observation of instances where the change 
in the neutral condition is larger than in the training 
condition is also more compatible with the idea of 
associative learning than with the idea of parametric 
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disconjugacy. Training with the normal unequal grids produced compensatory disconjugacy in the non-conflict field only. 
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induced saccade disconjugacy is now overcompensating. 
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adaptive readjustment of the oculomotor system. 
Increase of the motivation and of the attentional state 
could enhance subjects' ability to produce the learned 
pattern of saccade disconjugacy in the absence of 
disparity. The paradoxical finding of a significant change 
in the neutral condition in the absence of such a change 
in the training condition, could be attributed to the ability 
of the CNS to generate spontaneously a signal for saccade 
disconjugacy. The negative horizontal aftereffects 
observed in two of the subjects (SG and BC) could be 
instances of the same mechanism. 
Vertical disconjugacy 
Changes in the intrasaccadic disconjugacy of vertical 
saccades also occurred, even though small in amplitude. 
Such changes were observed for the close viewing 
experiments only. Neither of the two subjects examined 
at 1 m viewing distance showed significant changes. We 
observed changes in the vertical disconjugacy for the first 
30-40 vertical saccades made by the subjects, after only 
3-6 min of exposure to the unequal grids. Our findings are 
in agreement with those of van der Steen and Bruno 
(1995) who also observed increased vertical disconjugacy 
for close viewing. These findings suggest, at least for 
intermediate and close viewing, the existence of a fast, 
disparity driven mechanism capable of realigning the eyes 
vertically quickly during each saccade. Similarly to the 
horizontal saccadic-vergence mechanism we proposed 
above, during training, the disconjugacy of each vertical 
saccade would be determined on the basis of the vertical 
disparity detected in the periphery. A fast learning 
mechanism would link each vertical saccade with a 
command of vertical realignment of the eyes. Thus after 
training, vertical saccades under monocular viewing or in 
the darkness could still remain disconjugate. In contrast 
to horizontal saccades, for vertical saccades the 
associative learning mechanism we propose could not 
employ monocular depth cues since such cues are not 
naturally associated with vertical disparity. This would 
explain the smaller variability of the effects induced for 
vertical saccades. The dependency of vertical discon- 
jugacy on the viewing distance could be related to the fact 
that in the natural visual environment vertical disparity 
can occur only at close viewing [e.g. when looking at close 
targets that are away from the midline (see Ygge & Zee, 
1995)]. 
CONCLUSION 
The immediate changes in saccade disconjugacy 
induced in the present study were stimulated by targets 
that were physically in the same depth plane. We suggest 
that exposure to aniseikonic images, at least at 
intermediate or close viewing, stimulates the same 
mechanisms used for fixating targets in three-dimensional 
space that differ both in direction and in depth (e.g. 
Enright, 1986, 1992; Erkelens et al., 1989b). It should be 
noted that in these studies, disconjugate saccades were 
observed even when the subjects viewed the targets 
monocularly. Similarly to our findings the disconjugacies 
under monocular viewing reported by Enright (1986) 
were also variable, with conspicuous left-right asym- 
metries for some subjects. Enright (1986) considered blur 
of the image as the most likely stimulus for these 
disconjugate saccades associated with accommodation 
vergence. A fast associative learning mechanism that 
pairs accommodation and blur or other proximal cues 
with disparity could also be involved in these studies. 
The fast associative learning mechanism we propose 
here is particularly useful in dealing with the complexities 
and richness of the natural visual environment. The 
capability to predict, anticipate and reproduce appropri- 
ate disconjugacies on the basis of prior recent experience 
is of functional significance. The changes produced by 
such fast mechanism, however, are subject dependent, 
asymmetric across the image and not perfect; most likely, 
because different subjects might use differently relevant 
visual cues to control their oculomotor performance. 
With repetition and longer training, slower learning 
mechanisms would allow saccade disconjugacies that are 
better adjusted to visual requirements. They could then be 
involved in the long-term or short-term disconjugate 
adaptation of saccades demonstrated by several recent 
studies (e.g. Lemij & Collewijn, 1991b; Oohira et al., 
1991). 
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